INTRODUCTION
============

Active control of the optical and electronic properties of nanoparticles is critical for many future technological applications, yet remains largely elusive. Optical tunability of metallic nanoparticles can be achieved by exploiting the sensitivity of the localized surface plasmon. Researchers in pursuit of in situ active control have used electronic ([@R1], [@R2]), chemical ([@R3]), and electrochemical ([@R4]--[@R9]) approaches. Recent electrochemical efforts have resulted in either small reversible modulations ([@R7], [@R8]) or large irreversible plasmon shifts ([@R10], [@R11]). One strategy toward achieving larger plasmon resonance shifts is tuning the plasmon coupling strength between adjacent nanostructures. Modest tunability of the capacitive coupling between nanoparticles was achieved with lithographically prepared dimers on a stretchable elastomeric substrate ([@R12], [@R13]). For strongly coupled nanoparticles (gaps \<1 nm), quantum effects strongly influence the optical response ([@R14]--[@R18]), and electron tunneling conductance between nanostructures depends exponentially on the gap width ([@R18]--[@R20]). If the gap is further decreased until the structures are within tunneling contact, optical-frequency electric currents can flow through the entire joined structure, resulting in the emergence of new plasmon modes ([@R14]--[@R17], [@R21]). Transitions from capacitive to conductive coupling produce enormous spectral changes, but so far all in situ fully nanoscopic methods have been irreversible ([@R22]--[@R24]). To date, reversible tuning between capacitive and conductive plasmon coupling has only been achieved for one nanostructure at a time using nanopositioners ([@R14]). Significant challenges still remain for active nanophotonic control over a broad optical range.

In this report, we demonstrate reversible, active plasmon control through electrochemical reduction and chloridation of Ag metal on both isolated Au nanoparticles and strongly coupled Au nanoparticle dimers. Large changes in nanoparticle optical spectra are typically irreversible, but here we demonstrate a simple and robust chemical mechanism that allows large reversible changes in nanoparticle optical properties. We tune the optical and electronic properties by electrochemically controlling the nanostructure morphology, chemical composition, electronic coupling strength, and, ultimately, fundamental coupling mechanism. We initially demonstrate reversible tuning of the localized surface plasmon resonance of individual core-shell Au/Ag nanoparticles through Ag redox electrochemistry, the fundamentals of which have only recently been demonstrated ([@R10], [@R25]) (Au/Ag denotes gold core with silver shell). Here, the well-known Ag-AgCl redox chemistry ([@R26]) allows for reversible resonance energy shifts and intensity modulation that are one and three orders of magnitude larger than charge density tuning, respectively. We then reversibly tune the hybridized bonding plasmon mode of strongly coupled individual Au/Ag nanoparticle dimers. Finally, by electrochemically bridging the interparticle gap, we demonstrate fully reversible transitions between capacitive and conductive coupling regimes, as evidenced by the dynamic evolution of the charge transfer plasmon (CTP) mode. Our study represents the first demonstration of active switching between these two coupling regimes on individual nanoparticle pairs in a completely nanoscopic system, as well as the first reported switchable and tunable CTP. These advances will provide a valuable tool for precise gap control and plasmon tuning, which are of importance for both the development of active plasmonic devices such as switches and modulators, as emphasized here, and, more broadly, for the emerging field of quantum plasmonics, which relies on precise gap control.

RESULTS
=======

Reversible electrochemical redox tuning of Au/Ag nanoparticles
--------------------------------------------------------------

We used single-nanoparticle spectroelectrochemistry ([@R7], [@R10]), specifically the redox chemistry of Ag/AgCl ([@R27]), to actively tune the intensity, spectral line shape, and resonance energy of single Au/Ag nanoparticles ([Fig. 1](#F1){ref-type="fig"}). Ag chloro-complex ions were produced anodically from an Ag/AgCl counter electrode and reduced on cathodically polarized bare Au 50-nm spherical nanoparticles to form Au/Ag core-shell nanoparticles in a transparent spectroelectrochemical cell ([@R28]--[@R31]). The light-scattering properties of individual Au/Ag nanoparticles were reversibly tuned by repeatedly interconverting the shell between Ag and AgCl by electrochemical potential cycling ([Fig. 1A](#F1){ref-type="fig"}). High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and energy-dispersive x-ray spectroscopy (EDS) elemental maps showed the clear core-shell structure of the Au/Ag nanoparticles ([Fig. 1B](#F1){ref-type="fig"} and fig. S1).

![Reversible redox tuning of Au/Ag nanoparticles.\
(**A**) Nanoparticle shells were reversibly switched between Ag and AgCl using redox electrochemistry. The optical response to redox tuning was measured using single-particle spectroscopy under electrochemical potential control. (**B**) HAADF-STEM and EDS elemental maps of a single Au/Ag nanoparticle show clear core-shell geometry. (**C**) Mean response over five cycles of changes in resonance energy (Δ*E*), full width at half maximum (ΔΓ), and intensity (Δ*I*) as a function of applied potential under different electrolyte conditions. (Inset) Small-intensity response for control and thin-shell cases. Shaded bounds indicate standard error. au, arbitrary units.](1500988-F1){#F1}

Multiple series of scattering spectra of individual Au/Ag nanoparticles were collected during cyclic voltammetry experiments. Scattering spectra displayed well-defined potential-dependent plasmon resonance energy (*E*), full width at half maximum (Γ), and intensity (*I*) ([Fig. 1C](#F1){ref-type="fig"}). Others have shown recently that, under specific electrolyte conditions, electrochemical oxidation of pure Ag nanoparticles resulted in complete oxidation and dissolution of the nanoparticles ([@R28], [@R32]). In contrast, the use of the core-shell geometry and the inclusion of chloride ions in our system allowed for reversible tuning between two stable states with well-defined optical properties. Here, the different oxidation potentials of Ag and Au allowed us to electrochemically oxidize the Au/Ag nanoparticle to Au/AgCl. Mean changes in *E*, Γ, and *I* were tracked as a function of potential over five cycles ([Fig. 1C](#F1){ref-type="fig"}) under three different cell conditions: a bare Au nanoparticle in a cell with Pt reference and counter electrodes, thus containing no Ag (gray); an Au nanoparticle in the presence of a low-concentration Ag chloro-complex solution (green); and a higher-concentration Ag chloro-complex solution (blue), achieved by using a Ag counter electrode and by tuning the Cl^−^ electrolyte concentration. In the control sample containing no Ag, *E*, Γ, and *I* showed small linear shifts with applied potential due to electrochemically induced charge density tuning, as previously reported ([@R7], [@R8]). In contrast, redox tuning of the Ag shells of Au/Ag nanoparticles resulted in nonlinear plasmon resonance shifts. At a low Cl^−^ concentration and therefore low Ag chloro-complex concentration, redox tuning induced much larger shifts than charge density tuning alone. Increasing Cl^−^ concentration by a factor of 10 (to 1 M) raises the Ag chloro-complex solubility nearly 30-fold ([@R26]), which led to much larger shifts because of increased Ag shell thickness. Therefore, the extent of reversible optical tuning is directly controllable by means of the salt concentration.

At 1 M NaCl and negative applied potentials where AgCl is reduced to Ag, we observed spectral blue shifts of 15 meV followed by large red shifts of 50 meV ([Fig. 1C](#F1){ref-type="fig"}, blue lines). This complex response is the product of three competing mechanisms and their impacts on the nanoparticle plasmon: (i) In the AgCl shell case, the local refractive index seen by the nanoparticle plasmon is that of the AgCl dielectric shell. Once the shell is converted into Ag, the surface plasmon resides on the outer Ag surface and the medium refractive index is that of the surrounding electrolyte, resulting in a decrease from *n*~AgCl~ (s) = 2.02 ([@R33], [@R34]) to *n*~electrolyte~ = 1.34. The decrease in refractive index causes *E* and Γ to increase and *I* to decrease. (ii) A change in nanoparticle optical properties occurs as the dielectric AgCl is replaced by Ag metal that supports plasmon resonances in the visible. This effect causes *E* and *I* to increase and Γ to decrease. (iii) In the AgCl shell case, the surface plasmon resides on the Au core surface; but in the Ag shell case, the entire Au/Ag nanoparticle supports the plasmon oscillation (fig. S2). This increase in effective size and the elimination of the dielectric shell cause *E* to decrease and Γ and *I* to increase. The opposite responses are expected when the Ag shell is converted back into AgCl. The first two mechanisms cause an initial blue shift; but as the Ag shell grows thicker, mechanism (iii) causes a net red shift and increases in Γ and *I*. In this system, single-particle plasmon spectroelectrochemistry (our method) during cyclic voltammetry is crucial in analyzing nanoparticle plasmonic responses to chemical processes. Unlike cyclic voltammetry, which measures the electric current passed to and from the entire working electrode, the potential-dependent plasmon resonances report on changes in the composition, charge, damping, and scattering cross section of individual nanoparticles.

Redox tuning of strongly coupled nanoparticle dimers
----------------------------------------------------

The Ag-AgCl redox spectroelectrochemistry was extended to individual strongly coupled plasmonic dimers to take advantage of nonlinear gap effects ([Fig. 2](#F2){ref-type="fig"}). Dimers nominally consisting of Au nanoparticles 50 nm in diameter were chemically assembled using a nonspecific aggregation method and were enriched through electrophoretic separation ([@R35], [@R36]). Transmission electron microscopy (TEM) micrographs revealed that Au dimers had gap widths ranging from 1 to 5 nm and mean core diameter of 45.5 nm, with significant size and shape dispersity (fig. S3).

![Dimer surface plasmon response to reversible electrochemical redox tuning.\
(**A**) Thin shells on strongly coupled Au dimers were reversibly switched between Ag and AgCl. Charge density maps of the core and shell surfaces show that the optical response is dominated by Au cores in Au/AgCl dimers, but by Ag shells in Au/Ag dimers. Maps were generated at 1.88 eV. (**B**) Scattering spectra during dynamic potential control show clear modulation with changes in shell composition. (**C**) Mean LB mode Δ*E*, ΔΓ, and Δ*I* over five cycles as a function of applied potential. Shaded bounds indicate standard error (smaller than linewidth at most points).](1500988-F2){#F2}

We hypothesized that the effective gap width of the dimers could be tuned by depositing a thin switchable Ag shell. Full-wave simulations using the finite element method (FEM) showed that for Ag shells, the shell itself would dominate the optical response ([Fig. 2A](#F2){ref-type="fig"}, left). However, when switched to AgCl, the Au cores should dominate ([Fig. 2A](#F2){ref-type="fig"}, right) (charge density maps generated at a plasmon resonance of 1.88 eV; additional details of FEM simulations can be found in Supplementary Materials). Charge primarily resides on the metallic Ag shells under electrochemically reducing conditions and on the Au cores under oxidizing conditions, leading to a change in effective gap width. The strong electric field enhancement caused by the cores also causes a visible polarization in the AgCl shell in the gap region ([Fig. 2A](#F2){ref-type="fig"}, bottom right). The nonlinear response to gap width change allows significant tuning of the longitudinal bonding (LB) dipolar plasmon mode ([Fig. 2B](#F2){ref-type="fig"}). Because the transverse (T) mode weakly depends on gap width, predicted changes are smaller (fig. S4).

The spectral response of an individual dimer's LB mode to Ag shell redox tuning is compared to a bare Au dimer control ([Fig. 2C](#F2){ref-type="fig"}). In the absence of a redox-tunable Ag shell, *E*, Γ, and *I* decreased linearly with increasing potential. These results are consistent with the single-nanoparticle charge density tuning described in [Fig. 1C](#F1){ref-type="fig"} (gray lines; 0.1 M NaCl) and reported previously ([@R7]). In stark contrast, the plasmonic response to redox tuning of Au/Ag dimers exhibited a large hysteretic response, with *E* strongly decreasing with increasingly negative potentials. This inverted trend is easily explained within the plasmon ruler model ([@R37]); as the gap between metallic surfaces decreases when AgCl salt shells are reduced to metallic Ag shells, capacitive plasmon coupling strongly increases (fig. S5).

The plasmonic drawbridge: Reversible switching between capacitive and conductive coupling
-----------------------------------------------------------------------------------------

By further increasing the thickness of the Ag shells and by applying sufficient step potentials, the coupling mechanism for nanoparticle dimers was reversibly switched between capacitive and conductive coupling ([Fig. 3](#F3){ref-type="fig"}). TEM imaging revealed the detailed structure of Au/Ag bridged dimers ([Fig. 3A](#F3){ref-type="fig"}). Under electrochemical potential control, the shell can be actively tuned between semiconducting AgCl and highly conductive metallic Ag. It is expected that as the advancing metallic surfaces of the nanoparticles approach contact, electron tunneling provides a charge transfer pathway between nanoparticles ([@R16], [@R23]). Electric contact of the two Au nanoparticles established through the Ag metal bridge results in an oscillating current between the nanoparticles and multiple corresponding charge transfer plasmon modes ([@R14], [@R38]). Simulated and experimental spectra both reveal the emergence of a new longitudinal screened bonding (SB) dipolar plasmon mode ([Fig. 3B](#F3){ref-type="fig"}). The SB mode is a longitudinal charge transfer plasmon mode characterized by a significant charge transfer between Ag shells and by a weak quadrupolar polarization of the cores ([@R14]--[@R17], [@R39]).

![Reversible electrochemical tuning of a dimer between capacitive and conductive coupling.\
(**A**) Overlapping shells on Au dimers were switched between Ag and AgCl to create a switch between capacitive and conductive coupling. TEM image shows an Au dimer enveloped by Ag shell. (**B**) Simulated and experimental scattering spectra show a drastic optical response to switching the plasmon coupling mechanism. (**C**) Series of scattering spectra during step potential application to switch shell composition. (**D**) Surface charge density plots of shell and core surfaces for SB and LB modes. Charge plots were calculated at 2.0 eV for the SB mode and at 1.67 eV for the LB mode.](1500988-F3){#F3}

A series of scattering spectra of an individual Au/Ag dimer shows broad tuning of the plasmon modes in response to repeated formation and removal of the conductive bridge between the Au cores ([Fig. 3C](#F3){ref-type="fig"}). The transition from capacitive to conductive coupling at negative bias is clearly visible with the emergence of significantly brighter shell-dominated SB and T modes ([Fig. 3C](#F3){ref-type="fig"}). By then applying a positive bias, conductive coupling was broken as the shell composition was switched to AgCl. This event is visible in the scattering spectra with the re-emergence of the core-dominated LB and T modes. This plasmonic "drawbridge" effect was reversible over at least 30 full cycles and was not observed to disappear or degrade. This effect was observed for all dimers studied and was clearly visible by eye in dark-field microscopy through changes in both color and intensity (figs. S6 and S7). We also observed that the chloridation reaction (Ag → AgCl) under oxidizing potentials causes much faster spectral changes than the reduction reaction (AgCl → Ag) under reducing potentials (video S1). The asymmetric response rate may be due to sluggish Ag reduction kinetics, as recently reported for the reduction of Ag ions from solution ([@R40]).

As in the thin-shell case, simulations revealed that the Ag shell dominates the optical response in the reduced state, whereas the Au cores dominate in the oxidized state. Charge density plots demonstrate the relative contributions of the shells and cores to the two longitudinal modes, SB and LB ([Fig. 3D](#F3){ref-type="fig"}). For the SB mode, charge density on Ag shell surfaces is more than 10 times greater than that on Au core surfaces ([Fig. 3D](#F3){ref-type="fig"}, left). For the LB mode, charges are distributed primarily on the Au core surfaces, with no current flowing between the two Au cores ([Fig. 3D](#F3){ref-type="fig"}, right). Again, the strong electric fields induce a visible polarization response in the AgCl shells near the gap ([Fig. 3D](#F3){ref-type="fig"}, bottom right). Charge density plots of the T modes of both shell states revealed the same relative contribution of shells and cores to the optical response as the longitudinal modes (fig. S8).

By decreasing the size of the Au cores to 40 nm and lowering the reductive overpotential, we characterized the spectral evolution of the pure CTP mode in addition to the SB and T modes for an individual dimer ([Fig. 4A](#F4){ref-type="fig"}). FEM simulations correctly predicted that, given the same Ag shell thickness and core separation distance, the CTP resonance energy blue shifts with decreasing Au core size as a result of a reduction in coupling between the Ag shells (fig. S9). In addition, by lowering the Ag/AgCl redox overpotentials, the rates of the chloridation and reduction reactions were decreased ([@R41]). The AgCl shell was slowly reduced to Ag by applying a step potential slightly more negative than the equilibrium potential (−0.22 V versus Pt). Because of the smaller dimer, the pure CTP mode remained within the spectral detection range of our silicon photodetector. We clearly observed the formation of the SB mode, compared with the LB mode, at higher energy. The formation of the SB mode at roughly 42 s indicates the formation of a conductive pathway between the two lobes of the bridged dimer. As the shell is further converted into Ag, an increase in coupling between the Ag shells leads to a red shift of the CTP and SB modes ([Fig. 4A](#F4){ref-type="fig"}). Then, by switching to an oxidizing potential, the Ag shell was converted back to AgCl. As demonstrated for the larger bridged dimer ([Fig. 3](#F3){ref-type="fig"}), the charge density distribution for the longitudinal modes is dominated by the Ag shells. The calculated charge density plot of the CTP mode shows a characteristic dipolar charge distribution on the Ag shell surface, with charge strongly localized near the gap region ([Fig. 4A](#F4){ref-type="fig"}, inset).

![Dynamic evolution of the CTP mode using 40-nm Au cores and decreased overpotential.\
(**A**) Experimental static (top) and dynamic (bottom) scattering observations of slow bridging during the conversion between AgCl and Ag shells for an individual Au/Ag dimer with 40-nm Au cores at −0.22 V. (Inset) Surface charge density plot of the outer Ag shell surface for the CTP mode (calculated at 1.35 eV). (**B**) Predicted spectral evolution with electrochemical shell conversion from pure AgCl to pure Ag using isotropic dielectric mixing approximation. (**C**) CTP mode splitting in simulations using bridged concentric Ag growth mechanism at the point of Ag shell overlap (full evolution in fig. S10B).](1500988-F4){#F4}

Detailed mechanistic information can be extracted from the slow evolution of the scattering spectrum during electrochemical conversion of the bridging shell. Soon after the application of a reduction potential, a rapid red shift occurred along with the disappearance of the core-dominated LB and T modes ([Fig. 4A](#F4){ref-type="fig"}, bottom). This transition corresponds to the increasing real part of the dielectric function of the shell with increasing Ag content and the corresponding dominance of the shell-dominated plasmon resonance modes. Later, the CTP and SB modes emerged at much higher energy than the LB mode because of the formation of a conductive pathway, as mentioned previously. With increasing Ag content, the CTP and SB modes grew in intensity and red shifted until the shells reached full Ag content. The red shifts of the capacitively coupled modes, especially their decreasing spectral weight, and the general evolution of the conductively coupled modes with increasing Ag content, can be understood from full wave simulations using isotropic dielectric mixing of Ag and AgCl ([Fig. 4B](#F4){ref-type="fig"}). With increasing Ag content ([Fig. 4B](#F4){ref-type="fig"}, from top to bottom), the core-dominated LB and T modes gradually red shift and fade away, just as observed in single-particle spectra. The calculated scattering spectra also show the same high-energy origin and red shift of the CTP mode with increasing Ag content. At the present size, however, the SB and T modes lie at very similar resonance energies in the simulated spectra, precluding a clear analysis of their evolution.

Estimates of the electrochemical reaction rates through the full experimental spectral response are possible by assuming idealized spherical cores, 3-nm conformal overlapping shells, and full conversion of shells between AgCl and Ag. With these parameters, we calculate that AgCl was converted into Ag at a rate of \~2200 atoms/s, whereas in the oxidation step, Ag was converted into AgCl at \~8700 atoms/s. Even at a low reaction overpotential, the conversion from Ag into AgCl was still about four times faster than the reverse process under our experimental conditions. The asymmetric response rates can be explained in terms of sluggish Ag reduction kinetics, as recently reported for the reduction of Ag ions from solution ([@R40]) or differences in active ion transport rates ([@R42]).

The experimental spectral evolution at the onset of conductive coupling indicates a short-lived intermediate (labeled CTP discontinuity in [Fig. 4A](#F4){ref-type="fig"}) that is not predicted by the isotropic dielectric mixing model. At roughly 75 s in [Fig. 4A](#F4){ref-type="fig"}, a new low-energy spectral feature briefly developed at 1.7 eV. For three sequential exposures (7.5 s), only one low-energy peak was visible but was abruptly replaced by the return of two peaks. With a further increase in the Ag content of the shells, the two peaks gradually converged to form the CTP mode. Clearly, the isotropic dielectric mixing model of [Fig. 4B](#F4){ref-type="fig"} cannot address this evolution near the point of contact. Short-lived intermediates in the spectral evolution were also observed in other dimer bridging experiments. These results are similar to previous investigations of the fusion of small Ag nanoparticles using electron energy loss spectroscopy, which showed evidence of splitting of the pure CTP mode near the point of physical contact ([@R39]).

Further simulations with variations in bridging geometry allow for an insight into these intermediates. We explored alternate Ag shell growth mechanisms, including concentric sphere growth with and without a thin metal bridge (fig. S10 and Materials and Methods). In short, we found that, in the case of bridged concentric sphere growth, the CTP mode splits at the point of overlap for the Ag shells ([Fig. 4C](#F4){ref-type="fig"}). In addition to the aforementioned experimental observation upon nanoparticle contact and observed splitting in our simulations, full quantum mechanical calculations of bridged dimers have also shown weak splitting of the CTP mode near the point of physical contact ([@R15], [@R43]). Because the system dimensions and specific geometry of the gap play a major role in the formation and evolution of charge transfer plasmons ([@R14]--[@R16], [@R19], [@R20]), we include the full evolution of each bridge model investigated in fig. S10. On the basis of these simulation results of our dielectric mixing and concentric shell growth models, we must conclude that the experimental system is best described by a combination of these two extreme cases.

Comparing the experimental and simulated scattering spectra for the bridged dimers, two remarks are in order. First, assuming the same shell thickness for both redox states, the tunneling conductance of Ag shells causes the SB mode to have a higher resonance energy than the LB mode. Experimentally, the resonance energy difference between LB and SB modes varied from structure to structure. Along with a likely dependence on individual gap geometry, the shell thickness also plays an important role. With increasing shell thickness, the LB mode always red shifts; the SB mode initially red shifts because of increased coupling strength, but then blue shifts because of increasing tunneling current (fig. S11). Hence, for identical core structures, larger differences between LB and SB resonance energies correspond to increased shell overlap. In the cases of isotropic dielectric mixing simulations ([Fig. 4B](#F4){ref-type="fig"}) and concentric sphere growth simulations ([Fig. 4C](#F4){ref-type="fig"} and fig. S10), small differences in plasmon resonance energies are observed between simulated and experimental scattering spectra. We attribute these differences to the known variations in nanoparticle and bridge morphology ([Fig. 3A](#F3){ref-type="fig"} and fig. S3), which are not accounted for in the idealized geometries of simulations. Finally, we note that no illumination dependence was observed in bulk cyclic voltammograms or initial Ag shell deposition (fig. S12).

CONCLUSIONS
===========

Using Ag redox chemistry, we demonstrated fully reversible active control of plasmon resonances in both isolated and interacting plasmonic nanoparticles. For dimers, the plasmon shifts were particularly large because our approach allowed us to fill the junction and to introduce or remove conductive coupling between the nanoparticles. Our results show that electrochemical modification of plasmonic nanoparticles allows predictable, reversible, and fully controllable modulation of the intensity, line shape, and color of both simple and complex nanostructures. These results constitute the first observation of reversible CTP formation in nanoparticle dimers. Our study also includes the first continuous measurements of the evolution of the SB and CTP modes during the bridging process. In addition, by comparing experimental spectral evolution with various simulation geometries, it is possible to extract details on the exact mechanism of the bridging geometry. In addition to providing a valuable model system for investigating the transitions between capacitive and conductive coupling, these results also pave the way for new research opportunities, such as more detailed studies of controlled narrow plasmonic gap effects, electrochemical potential--directed nanoparticle growth, electrochemical alloying, or layer-by-layer active plasmonics.

MATERIALS AND METHODS
=====================

Dimer preparation
-----------------

Au nanoparticle dimers were prepared using a nonspecific aggregation method and electrophoretic enrichment, as described previously ([@R36]). Five hundred microliters of stock citrate-stabilized 50-nm Au colloids (BBI Solutions) was washed once with Millipore filtered deionized water and concentrated to a volume of 50 μl by centrifugation at 1400 relative centrifugal force for 5 min. Two hundred microliters of acetonitrile was added to the suspension and stirred for 30 min. Five microliters of 10 mM 11-mercaptoundecanoic acid (11-MUA; Sigma-Aldrich) was added, followed by 30 min of stirring. The solution was centrifuged, and the supernatant was removed. Sedimented nanoparticles and aggregates were resuspended in 500 μl of Millipore filtered deionized water, washed again, and concentrated to a volume of 50 μl. Ten microliters of 40% (w/v) aqueous solution was added to facilitate horizontal gel electrophoretic separation of aggregates consisting of various numbers of nanoparticles. Samples were electrophoretically separated in 1% agarose gel at 135 V for 30 min in 0.5× tris-acetate-EDTA buffer. The second band was manually removed with a razor blade, and aggregates and single nanoparticles in the removed gel were removed using a published electroelution method at 250 V ([@R44]). Extracted nanoparticles and aggregates were centrifuged, washed, and concentrated for deposition. TEM analysis showed that the resulting solution contained 23% dimers with gap widths ranging from 1 to 5 nm. TEM images of single nanoparticles in prepared dimer solutions were analyzed to find the average cross-sectional area, using an algorithm adapted from Gontard *et al.* ([@R45]). Identical procedures were followed using 40-nm Au colloids (BBI Solutions) to produce smaller dimers.

Electrochemical cell preparation
--------------------------------

Single nanoparticles and dimers were drop cast onto indium tin oxide (ITO)--coated coverslips and washed to remove excess nanoparticles. 11-MUA was removed from the nanoparticles by soaking in a NH~4~OH/H~2~O~2~/H~2~O solution (volume ratio 2.3:1:38.6) for 10 min at 40°C ([@R46]). Samples were then rinsed thoroughly with water and dried with nitrogen gas. Optically transparent sealed thin electrochemical cells were constructed using the hybrid ITO Au nanoparticle substrate as a working electrode. An insulated 0.05-mm-diameter platinum wire was used as a quasi-reference electrode (A-M Systems). The counter electrode was formed by either a clean platinum or an anodically chloridized Ag wire (Sigma Aldrich). All electrolytes were prepared using American Chemical Society--grade reagents (Sigma Aldrich). In the case of the Ag/AgCl counter electrode, Ag chloro-complexes were dissolved into the NaCl host electrolyte. Ag was electrodeposited onto bare Au nanoparticles and dimers. The Ag/AgCl reaction was also characterized by comparison to an Ag/AgCl reference electrode (fig. S13).

Dark-field scattering measurements
----------------------------------

Single-particle and single-dimer spectra were collected on a custom instrument described previously ([@R7]). In short, spectra from individual scatterers were collected on an inverted dark-field microscope (Zeiss Axio Observer m1, with oil immersion dark-field condenser and oil immersion Zeiss Plan-Achromat 63×, numerical aperture of 0.7 to 1.4). Light was directed to an Acton SpectraPro 2150i imaging spectrograph mounted atop a programmatically controlled linear translation stage (Newport, model LTA-HL). A control program (Labview, 2011) linked incoming spectra with an electrochemical workstation (CH Instruments, model 630D) allowing time/potential-correlated dynamic spectroelectrochemcial measurements. A nonlinear least-squares fitting algorithm (Matlab 2013a) was used to fit single- and double-Lorentzian curves to single-nanoparticle and dimer scattering spectra, respectively.

Au nanoparticle and dimer TEM sample preparation
------------------------------------------------

Ten microliters of an aqueous suspension containing 11-MUA--coated 50-nm-diameter Au nanoparticles and dimers was drop cast onto a 300-mesh Cu TEM grid precoated with lacey carbon films from Pacific Grid Tech (Cu-300LD) and dried in air.

Au/Ag core-shell nanoparticle and dimer TEM sample preparation
--------------------------------------------------------------

Two microliters of an aqueous suspension containing 11-MUA--coated 50-nm-diameter Au nanoparticles and dimers was drop cast onto a clean ITO-coated glass coverslip (ECI). 11-MUA was removed from the nanoparticles by soaking in a NH~4~OH/H~2~O~2~/H~2~O solution (volume ratio 1:2.3:38.6) for 10 min at 40°C ([@R46]). Au nanoparticles and dimers were electrochemically coated in Ag in the spectroelectrochemical cell. After disassembly of the spectroelectrochemical cell, Au-Ag core-shell nanoparticles and dimers were removed from their ITO support by sonication into 2 mM sodium citrate solution. Ten microliters of the suspension was dried onto a 300-mesh Cu ultrathin TEM grid precoated with lacey carbon films. Excess citrate was rinsed with running Milli-Q filtered deionized water, and grids were dried with dry nitrogen.

Au nanoparticle and dimer scanning electron microscopy sample preparation
-------------------------------------------------------------------------

Two microliters of an aqueous suspension containing 11-MUA--coated 50-nm-diameter Au nanoparticles and dimers was drop cast onto a clean ITO-coated glass coverslip (ECI). 11-MUA was removed from the nanoparticles by soaking in a H~2~O~2~/NH~4~OH/H~2~O solution (volume ratio 1:2.3:38.6) for 10 min at 40°C ([@R46]). Au nanoparticles and dimers were cycled 50 times between −0.5 and 0.5 V in 100 mM NaCl electrolyte with no Ag present. The spectroelectrochemical cell was disassembled, and the ITO working electrode was rinsed with running Milli-Q filtered deionized water and dried with dry nitrogen.

Au/Ag nanoparticle and dimer scanning electron microscopy sample preparation
----------------------------------------------------------------------------

Two microliters of an aqueous suspension containing 11-MUA--coated 50-nm-diameter Au nanoparticles and dimers was drop cast onto a clean ITO-coated glass coverslip (ECI). 11-MUA was removed from the nanoparticles by soaking in a NH~4~OH/H~2~O~2~/H~2~O solution (volume ratio 1:2.3:38.6) for 10 min at 40°C ([@R46]). Au nanoparticles and dimers were electrochemically coated in Ag. The spectroelectrochemical cell was disassembled, and the ITO working electrode was rinsed with running Milli-Q filtered deionized water and dried with dry nitrogen.

Scanning electron microscopy methods
------------------------------------

Scanning electron micrographs were taken with an FEI Quanta 650 FEG ESEM with a beam energy of 30.0 kV. All images were taken directly from the ITO working electrode after the sample preparation.

TEM methods
-----------

TEM images were taken with a JEOL-2100F field emission electron microscope operated at 200 kV. HAADF-STEM images were taken using a Gatan 806 detector. EDS was performed using an Oxford Instruments EDS INCA x-sight detector, and data were collected using the INCA software. Raw data from STEM-EDS were processed using HyperSpy (open source, available at [www.hyperspy.org](http://www.hyperspy.org)) multidimensional data analysis toolbox version 0.8. EDS elemental maps were produced from background-subtracted Au-Mα~1~ (2.12 keV) and Ag-Lα~1~ (2.98 keV) x-ray peaks ([@R47]) using FIJI (open source, available at <http://Fiji.sc/Fiji>).

Simulation methods
------------------

Modeling and simulations were performed using the FEM (COMSOL Multiphysics) with the same detection geometry as adopted experimentally (fig. S14). An effective medium approximation was used under a homogenous refractive index as$$\mathit{n} = \sqrt{\frac{\mathit{n}_{\text{water}}^{2} + \mathit{n}_{\text{ITO}}^{2}}{2}}$$where *n*~water~ = 1.33 and *n*~ITO~ = 1.97. The Au dimer structure consisted of two spheres with a 48-nm center-to-center distance as measured by TEM (fig. S3). Because of the nonuniform sizes of nanoparticles (fig. S2), a 44-nm-diameter Au dimer is adopted in [Fig. 2](#F2){ref-type="fig"} to match the experiments, whereas [Fig. 3](#F3){ref-type="fig"} uses 45-nm-diameter Au dimers. The core-shell system investigated was an Au core--Ag~α~ AgCl~1\ −\ α~--shell system with shell thicknesses varying from 0 nm (pure Au dimer) to 1.6 nm (overlapping shell case with 0.4 nm radius rounding). The 1.5-nm shell case corresponds to the touching geometry. To show the evolution of modes with increasing Ag content of the bridged structure, we adopted the real experimental conditions in [Fig. 4](#F4){ref-type="fig"} and fig. S10 (water medium, ITO substrate, and 40-nm-diameter Au cores). The dielectric functions of Au and Ag were taken from the work of Johnson and Christy ([@R48]), which has been widely used for Au and Ag nanomaterials. The refractive index of AgCl was *n* = 2.02, as taken from White and Straley ([@R33]) and Tilton *et al.* ([@R34]). Finally, an averaging procedure over a nonnormal incident (56.4°) light cone was performed so that the simulation results can be directly compared with dark-field scattering spectra. With increasing shell thickness (Ag or AgCl), the LB mode strongly red shifts (fig. S4) as observed in the experiments ([Fig. 2](#F2){ref-type="fig"}). In terms of nanoparticle coupling, an increasing shell thickness decreases the gap width, resulting in larger capacitive coupling. The growth mechanism of Ag content inside the shell was studied under two hypotheses: (i) isotropic dielectric mixing of Ag and AgCl ([Fig. 4B](#F4){ref-type="fig"}) under the Maxwell-Garnett medium approximation method ([@R8]); and (ii) concentric spherical growth of Ag around core surfaces ([@R42], [@R49]) ([Fig. 4C](#F4){ref-type="fig"} and fig. S10). Because a bridge connecting the Au cores may be formed when the Ag content increases ([@R22], [@R23]), we consider three different cases in terms of bridge growth rate: (i) no bridge at all unless Ag shells touch; (ii) a thin bridge is formed before the Ag shells overlap (^1^/~10~ the width of the total bridge); and (iii) the Ag bridge has the same growth rate as that of Ag shells. As seen in [Fig. 4B](#F4){ref-type="fig"}, all modes red shift with increasing Ag content under the isotropic dielectric mixing hypothesis. Specifically, the LB and T modes of Au/AgCl gradually red shift and disappear because they are core-dominant modes. Meanwhile, new modes dominated by Ag shells (that is, T, SB, and CTP) appear and red shift with increasing Ag content. For the concentric spherical growth hypothesis, on the other hand, the evolution shows a completely different behavior (fig. S10). When the bridge growth rate is much smaller than that of Ag shells (fig. S10A, no bridge case; [Fig. 4C](#F4){ref-type="fig"} and fig. S10B, constant ratio thin bridge case), the concentric growth dominates the optical response before touching, and the LB mode red shifts because of the increased coupling between the Ag shells. Upon shell overlap, an abrupt discontinuity appears, and the CTP mode splits into two resonances ([Fig. 4C](#F4){ref-type="fig"} and boxed spectra in fig. S10B), consistent with what has been observed previously ([@R15], [@R39], [@R43]). After touching, the SB and CTP modes blue shift as a result of the increase in bridge conductance ([@R50]). When the bridge growth rate is comparable to that of Ag shells (same growth rate; fig. S10C), the increase in bridge conductance dominates throughout the entire spectral evolution, resulting in clear blue shifts for LB and T modes for small Ag shells, as well as T, SB, and CTP modes for touching nanoparticles.
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Fig. S1. EDS spectrum and line scan profile of single Au/Ag nanoparticle.

Fig. S2. Surface charge plots for an Au/Ag core-shell nanoparticle.

Fig. S3. Transmission electron micrographs showing the native structure of gold nanoparticle dimers and size analysis of single gold nanoparticles.

Fig. S4. Surface charge plots for the T mode for thin-shelled dimers.

Fig. S5. Effects of increasing shell thickness on Ag and AgCl shells.

Fig. S6. Digital color images taken with an SLR (single-lens reflex) camera at microscope eyepiece during initial electrodeposition.

Fig. S7. Color images of Au/Ag single particles and dimers under oxidizing and reducing conditions.

Fig. S8. Charge density maps of T modes for both shell states for bridged dimers.

Fig. S9. Effects of varying Au core size on Au/Ag bridged dimers.

Fig. S10. Mode evolution with increasing Ag content under concentric spherical growth hypotheses.

Fig. S11. Evolution of the SB mode with increasing Ag shell thickness.

Fig. S12. Cyclic voltammogram with and without illumination of the working electrode.

Fig. S13. Electrochemical characterization of the Au/Ag surface reaction.

Fig. S14. Diagram showing sample geometry used in FEM simulations.

Video S1. Effects of redox tuning for a conductively bridged dimer.
